Lactate in rat skeletal muscle after hemorrhage measured by microdialysis probe calibrated in situ. Am. J. Physiol. 263 (Endocrinol. Metab. 26) : E1035E1039, 1992 .-The interstitial lactate concentration in rat skeletal muscle was measured in the normal state and after hemorrhage using a microdialysis probe, and the values calculated by in vitro and in vivo calibration were compared. After withdrawal of 30% of the estimated total blood volume, the lactate concentration in the dialysate gradually increased and then maintained an almost constant level. It was found that interstitial lactate levels of skeletal muscle calculated by the in vitro calibration method were not significantly different from those calculated by in vivo calibration in both the normal state and after hemorrhage. These data indicate that the absolute lactate concentration in the muscle interstitium in the normal state and after acute hemorrhage can be practically measured by a microdialysis probe calibrated in vitro. From the comparison of lactate concentrations in blood and in the muscle interstitium, it was suggested that rat skeletal muscle functions as a lactate consumer, rather than as a lactate producer, after acute hemorrhage. interstitial space; in vivo calibration; muscle blood flow; blood lactate; circulatory failure; normal state MEASUREMENTS OFVARIOUS substancesintheinterstitial space can provide important information in normal and pathological conditions. The microdialysis technique is now used extensively for this purpose (14) . Practically, the interstitial concentration of the substance is calculated by in vitro calibration of the microdialysis probe in standard solutions of the substance of interest. However, there is criticism that in vitro calibration can lead to false values for various substances in vivo because the recovery rates of the substances from the tissue interstitium through the probe membrane are not equal to those from standard solutions (2) .
Recently, absolute concentrations of glucose (13) ) adenosine (12), lactate, and pyruvate (10) in subcutaneous tissue were measured using the in vivo calibration technique. This technique is based on the principle of microdialysis that a substance diffuses bidirectionally through the microdialysis probe membrane depending on the relative concentration difference between the substance in the perfusing fluid and that in the interstitium (19) . The absolute concentration of the substrate in the interstitium can then be estimated by perfusing the tissue with a fluid containing different concentrations of the substrate and by calculating the concentration in the perfusate that was in equilibrium with the interstitial substrate concentration (13) . Because this process is very time consuming and because whole measurements should be done under a steadystate condition, the application of this method is limited so far to normal states.
In many tissues, lactate can be both produced and consumed depending on the condition (6). Such lactate kinetics have been studied by measurement of the arteriovenous lactate concentration difference and blood flow (20) as well as by the isotopic tracer technique (3, 4, 6, 8) . The possibility that microdialysis can provide another method for the study of lactate kinetics has been reported in adipose tissue after glucose ingestion. However, the in vivo calibration was done only in the fasting state (steady state) in this report, and the result obtained was used to estimate the absolute interstitial lactate concentration in the adipose tissue after glucose ingestion (not steady state; Ref. 10).
It is not clear whether or not such an extrapolation is always possible under various pathophysiological conditions such as circulatory failure. Poor tissue perfusion causes a rapid increase in blood lactate as a result of increased production in tissues but also by decreased removal of lactate from the blood by some tissues. In the case of hemorrhage, marked fluid flux occurs from the intracellular to the intravascular compartments via the interstitial space as a compensatory mechanism (9). Thus lactate molecules move with or against the flow between these three compartments, depending on the tissues measured and progress of the condition. In addition, the size of the interstitial space, which is thought to be a significant factor in determining diffusion characteristics of a given substance in vivo (2) , is known to be reduced in proportion to blood volume (9).
In the present report, the interstitial lactate concentration in the rat skeletal muscle was measured using the microdialysis method to study lactate kinetics after an acute hemorrhage. The validity of the values calculated from in vitro calibration was examined by comparing the results with those obtained by in vivo calibration performed in the same rats.
MATERIALS AND METHODS
Surgery and bleeding. Male Wistar rats (200-270 g) were used. Laboratory Chow and tap water were given ad libitum until just before the experiment. Rats were then anesthetized with pentobarbital, and the right femoral artery was cannulated. Medial regions of the left thigh were exposed. Muscle blood flow was continuously monitored until the end of the experiment by a laser-Doppler flowmeter (ALF21; Advance, Tokyo, Japan). Body temperature was maintained at 37°C by use of an electric blanket. To induce an acute hemorrhage, 30% of the estimated total blood volume (2.0 ml/l00 g body wt) was withdrawn through the femoral artery cannula within 3 min. About 30 ~1 blood were sampled for measurement of lactate every 5 min for 30 min and at 72 min (and at 50 min in some rats) after the initiation of the hemorrhage and another 30 ~1 of blood for hematocrit determinations at 0, 5, 10, 30, and 72 min through the same cannula. An equivalent volume of saline was replaced after each blood sampling.
Microdialysis with in vitro calibration. The CMA/lO microdialysis probe (4 mm; Carnegie Medicine, Stockholm, Sweden) was used to measure interstitial muscle lactate. Calibration of the probe was done in a standard solution of 1 mM lactate in distilled water. The recovery rates of the probes used ranged from 8 to 12%. The probes with lower recovery rates were omitted. The probe was placed -1 mm deep in the medial region of the thigh, which consists of mu~ukus gracilis antsicus and posticus, nuscuZus adductor longus, magnus and brevis, and musc&s pectineus (7). Normal saline was perfused at 10 pl/min using a CMA/lOO microinjection pump (Carnegie Medicine). In a preliminary study, we confirmed that lactate and glucose concentrations in the dialysate were not changed at least for 90 min in the control state, which means that drainage of these substances by perfusion did not occur. Dialysate was collected at 3-min intervals (30 ~1) in the normal state and after hemorrhage. Interstitial lactate concentrations were calculated on the assumption that the recovery rate of the probe for lactate in the muscle interstitium was equal to that in the standard solution.
Microdialysis with in vivo (in situ) calibration.
The absolute interstitial lactate concentration in the skeletal muscle was measured using the in vivo calibration technique (10, 12, 13) in the normal state and after hemorrhage in the same rat. In brief, the muscle was perfused with normal saline containing different concentrations of lactate. The net increase in lactate concentration in the dialysate (dialysate lactate -perfusate lactate) was plotted against each perfusate lactate concentration. By using regression analysis, the perfusate lactate concentration, which did not cause any net increase or decrease in the dialysate lactate concentration, i.e., the perfusate concentration that was in equilibrium with the surrounding interstitial lactate concentration, was calculated.
Perfusion and sample collection in the normal state were done under the same conditions as the in vitro calibration method except that the first fraction collected immediately after changing the perfusate lactate concentration was discarded and the concentrations of the following two fractions were averaged. The protocol for collection of the microdialysis samples after the hemorrhage in rats 4,6, 7, and 8 are shown in Fig. 1 , top. The order of the perfusion with the lactate-containing perfusate was reversed, i.e., from 4 to 0.25 mM, in rats 9, 10, and 12 to minimize the effects of the animal conditions on the in vivo calibration data. The last two fractions perfused with normal saline (0 mM lactate) were used in both in vitro and in vivo calibration methods.
Lactate measurement.
Blood and dialysate lactate was measured by an analyzer equipped with a polarographic enzyme electrode (model 23L; Yellow Springs Instrument, Yellow Springs, OH). The analyzer was placed near the animal, and 25 ~1 of blood sample were measured directly and immediately. Dialysate samples were measured in batch after the experiment.
Statistics. Regression lines were calculated using the leastsquares method. Slopes of the regression lines obtained in the normal state and after hemorrhage in each rat were compared by analysis of covariance. Other data were analyzed statistically using analysis of variance with repeated measures followed by the Bonferroni test.
RESULTS
Data from 7 out of 12 rats were analyzed since only partial data could be obtained from the remainder, i.e., three rats died soon after the hemorrhage, and sampling errors occurred in two rats (exchange of perfusate was not done correctly). Because all of the measurements for in vivo calibration should be done under steady physiological conditions, the blood lactate, hematocrit, and muscle blood flow were monitored for 72 min after hemorrhage. As shown in Fig. 1 , blood lactate increased rapidly and almost reached a constant level within 10 min after the hemorrhage (control: 0.66 t 0.07 mM; 10 min after hemorrhage: 4.19 t 0.50 mM). Although it decreased gradually in the latter one-half of the measurement, there was no significant change between the value at 30 min (4.40 t 0.69 mM) and that at 72 min (3.10 t 0.49 mM at 50 min 3.97 t 0.94 mM, n = 3). Hematocrit decreased to -80% of the basal level 5 min after the hemorrhage and remained at that level throughout the measurement. Muscle blood flow was reduced to less than one-half of the basal level 5 min after the hemorrhage, followed by a partial recovery that was maintained at a constant level until the end of the experiment. Figure 2 shows the individual in vivo calibration data for the seven rats obtained in the normal state and after hemorrhage. The regression line equations in both states are shown in Regression lines were calculated by least-squares method from data in Fig. 1 . Slopes of lines obtained in normal state and after hemorrhage in each rat were compared by analysis of covariance and were found to be nonsignificant at P > 0.05. in the slopes of the lines obtained in the normal state and after hemorrhage in each rat, i.e., the two lines in each rat could be considered to be parallel.
Interstitial lactate concentrations in muscle calculated by in vitro calibration and those by in vivo calibration were compared in Fig. 3 . In the normal state, the interstitial lactate concentrations calculated by these calibration methods were 0.41 t 0.06 mM and 0.32 t 0.04 mM in the former and latter, respectively. There was no significant difference between the two methods. After the hemorrhage, the lactate concentration in the dialysate gradually increased and reached an almost constant level within 20 min. The interstitial lactate concentration calculated from the last fraction perfused with normal saline (24-27 min after the hemorrhage) by the in vitro calibration method was 1.15 t 0.10 mM, whereas that calculated from the fractions obtained between 21 to 72 min after the hemorrhage using the in vivo calibration method was 1.21 t 0.09 mM. Th ere were no statistically significant differences between them.
DISCUSSION
The following two points were clarified in the present study. The first point is that the lactate concentrations in the rat muscle interstitium calculated by the in vitro calibration method were not significantly different from those calculated by the in vivo calibration in the normal state and after acute hemorrhage. The second is that the lactate concentration in muscle interstitium is lower than that in blood after acute hemorrhage.
The in vivo calibration method is established by Lonnroth et al. (12, 13) to estimate the absolute concentrations of various substrates in adipose tissue interstitium. However, this method is very time consuming and its application is limited to relatively normal conditions in which various physiological parameters are maintained at constant levels. In our hemorrhagic model, although it was confirmed that blood lactate, hematocrit, and muscle blood flow were'maintained at constant levels during the measurement (-50 min), the condition of the animal tended to recover gradually, and this may have affected the interstitial lactate concentration. As shown in Fig. 2 , because the lactate concentrations in the perfusate were not changed at regular intervals, the weight of the deviation of the net increase in lactate concentration in the dialysate (dialysate lactate-perfusate lactate) on the slope of the regression line is not equal. To minimize this effect, the order of the perfusion with the lactate-containing perfusate was reversed, i.e., from 4 to 0.25 mM, in some rats. For a similar reason, i.e., for perfusate-concentrations to be almost equally distributed below and above the absolute tissue lactate concentration, 4 mM perfusate was omitted in control data.
The first conclusion in the present study suggests that the absolute lactate concentration in the muscle interstitium in the normal state as well as after acute hemorrhage El038 LACTATE IN SKELETAL MUSCLE AFTER HEMORRHAGE can be practically measured by a microdialysis probe calibrated in vitro. However, whether or not the recovery rates in vivo are equal to those in vitro seems to depend on what and where the substrates are measured. The recovery of glucose in the human abdominal subcutaneous region during the calibration in vivo was reported to be only approximately one-half of that measured in vitro (13) . In rat cerebral cortex, it was revealed by using a K+-or Ca2+-sensitive microelectrode positioned close to the microdialysis probe that the recovery of K+ was quite similar to that in saline, whereas the recovery of Ca2+ was much lower than that in saline (2). It may be safe to limit the first conclusion mentioned above to only the present model. The second conclusion indicates that there is a lactate gradient from blood to muscle. Several methodological and theoretical points remain to be clarified to validate this conclusion. The first concern is the reliability of the lactate measurement in different samples, i.e., whole blood and dialysate. In a previous report using the same analyzer as in the present study, we found a good correlation between the concentrations of blood lactate (m 7.5 mM) measured directly and those of the dialysate through a microdialysis probe inserted either in pooled blood (in vitro) or in the external jugular vein of rats (in vivo; see Ref. 11) . In another study using the same hemorrhagic model (submitted for publication), we measured the lactate in the dialysate by a standard enzymatical method (lactate dehydrogenase + NAD). The lactate concentration in the skeletal muscle interstitium in the control was 0.58 t 0.10 mM and that 30 min after hemorrhage was 1.55 t 0.20 mM (in vitro calibration), which were values not significantly different from those in the present study. Taken together, we considered the lactate concentration in whole blood and that in dialysate through a properly calibrated probe as absolute concentrations and compared them directly.
The question whether the concentration gradient of lactate from blood to muscle really represents the uptake and metabolism of lactate in this tissue remains to be answered in this and also in previous studies involving measurements of arteriovenous lactate concentration difference (20) and intracellular lactate in biopsy samples (16) . In these studies, although a positive gradient of lactate concentration from blood to skeletal muscle during circulatory failure was suggested, various possibilities that may lead to conclusions other than lactate uptake in skeletal muscle were discussed. In our present study, although we did not measure the muscle intracellular lactate concentration, it is thought to be reflected in the interstitial fluid more rapidly than in venous blood returned from the muscle, especially in circulatory failure. A recent study revealed the presence of a specific bidirectional transport system for lactate in skeletal muscle sarcolemma that seems to have a sensitive and large capacity for transmembrane movement of lactate, and skeletal muscle is suggested to be not only the largest producer of lactate but also one of the most important lactate consumers because of its mass (17). In the present study, although the microdialysis probe was placed in superficial apparently white muscle(s), all types of muscles of rats were shown to be able to readily oxidize lactate, and the capacity for lactate oxidation is concentration dependent (1). In a study using isotopically labeled lactate, nonexercising skeletal muscle ( arms) showed net lactate extraction during leg exercise, which was correlated with arterial A ( lactate concentration .fter circulatory arrest 18) followed bY severe tissue hYpoxia, skeletal muscle may be the major lactate-producing tissue. However, in the case of hemorrhagic shock, it was pointed out that impaired removal processes, such as reduced blood flow to organs consuming lactate and a decrease in the maximal uptake rate for lactate by the organs, are responsible for a significant part of the increased blood lactate concentration (5). Although epinephrine released during circulatory failure may activate phosphorylase and thereby cause rapid glycogenolysis in muscle followed by lactate production, this effect is relatively minor in unstimulated muscle, since an increase in intracellular Ca2+ is phorylase in muscle essential to maximally activate phos- (15) . In summary, the present finding . muscle funca lactate proleads tions us as to the hypothesis that the a lactate consumer rather skeletal than as ducer after acute hemorrhage.
